Tomographic images have shown that there are clear high-velocity heterogeneities to the north of the Pacific Anomaly near the core-mantle boundary (CMB), but the detailed structure and origin of these heterogeneities are poorly known. In this study, we analyze PKP precursors from earthquakes in the Aleutian Islands and Kamchatka Peninsula recorded by seismic arrays in Antarctica, and find that these heterogeneities extend $400 km above the CMB and are distributed between 30°and 45°N in latitude. The scatterers show the largest P-wave velocity perturbation of 1.0-1.2% in the center (160-180°E) and $0.5% to the west and east (140-160°E, 180-200°E). ScS-S differential travel-time residuals reveal similar features. We suggest that these seismic scatterers are the remnants of ancient subducted slab material. The lateral variations may be caused either by different slabs, or by variations in slab composition resulting from their segregation process.
Introduction
The core-mantle boundary (CMB) is one of the most significant boundary layers within the Earth. This layer and its adjacent regions, especially D 00 , are key to understanding dynamic processes within the Earth, such as the source of mantle plumes, the fate of subducted slabs, and material and heat exchange between the mantle and core (Young and Thorne, 1987; Wysession et al., 1994; Lay et al., 1998; Garnero, 2000 Garnero, , 2004 McNamara and Zhong, 2005; Lay and Garnero, 2011) . Previous seismological studies have found complex heterogeneities near the CMB, such as Large Low Shear Velocity Provinces (LLSVPs) (e.g., Wen, 2001; Ni and Helmberger, 2003; Wang and Wen, 2007; Garnero and McNamara, 2008; Wen, 2009, 2012) , Ultra-Low-Velocity zones (ULVZ) (Garnero and Vidale, 1999; Rost et al., 2006; Rost et al., 2010; Yao and Wen, 2014) , anisotropy (e.g., Kendall and Silver, 1996; Lay et al., 1998; Garnero et al., 2004; Long, 2009) , and seismic scatterers (e.g., Cleary and Haddon, 1972; Husebye and King, 1976; Vidale and Hedlin, 1998; Thomas et al., 1999; Hedlin and Shearer, 2000; Cao and Romanowicz, 2007; Vanacore et al., 2010) . Although high-velocity anomaly regions are well studied and are commonly attributed to subducted slabs, many regions, because of inadequate sampling by conventional seismic phases, are poorly imaged. In addition, conventional tomographic methods often poorly resolve small-scale structures due to limited frequency content. In this case, unconventional methods, such as those specifically focusing on scattered waves, may provide additional information. For the lowermost mantle, PKP precursors are possible candidates to serve this purpose.
PKP precursors are P waves that are scattered by small-scale elastic heterogeneities in the mantle and/or topographic irregularities on the CMB (e.g., Cleary and Haddon, 1972; Haddon and Cleary, 1974; Doornbos, 1976 Doornbos, , 1978 Bataille and Flatté, 1988; Cormier, 1995; Hedlin and Shearer, 2000) . Because of the geometry ray-paths of these seismic phases, the scattered P waves can http://dx.doi.org/10.1016/j.pepi.2016.01.007 0031-9201/Ó 2016 Elsevier B.V. All rights reserved.
precede the core phase (PKIKP) by up to 20 s and are typically best recorded at a distance range between 120°and 142° (Fig. 1) . Particular advantages of using PKP precursors are that they are sensitive to heterogeneity at a scale as small as $10 km, and are not contaminated by the coda of other phases due to their earlier arrival times. There have been successful applications of PKP precursors studies on global scales (e.g., Hedlin et al., 1997; Cormier, 1999; Margerin and Nolet, 2003b; Mancinelli and Shearer, 2013) , as well as regional scales (e.g., Vidale and Hedlin, 1998; Wen and Helmberger, 1998; Niu and Wen, 2001; Miller and Niu, 2008; Thomas et al., 2009; Frost et al., 2013) . In regional studies that incorporate well-sited arrays of seismographs, greater information about the anomalies, such as their boundary locations and sharpness, may be resolvable.
In this study, we focus on the CMB region to the north of the Pacific Anomaly, a region where tomographic images consistently show large-scale high-velocity anomalies (Li and Romanowicz, 1996; Grand, 2002; Zhao, 2004; Li et al., 2008; Simmons et al., 2010) but where high resolution details are lacking. We use PKP precursors from earthquakes in the Aleutian Islands and Kamchatka Peninsula recorded by recently deployed seismic arrays in Antarctica to locate the scatterers and to investigate their velocity variations. Our results show that the observed precursors are caused by seismic scatterers in the lowermost mantle, and the strengths of these scatterers vary according to their locations. Furthermore, we also analyze ScS-S travel time residuals sampling the same region, and find that the results show similar variation pattern. We suggest that the lateral variations in this region may be caused by heterogeneities from different subducted slabs, or by varying chemical compositions of the slab resulting from their segregation process.
CMB region heterogeneities from PKP precursors
To constrain small-scale heterogeneities near the CMB beneath the Pacific region, we collected PKP precursor data recorded by Antarctic seismic arrays (GAMSIS and POLENET-ANET array) from earthquakes in the Aleutian Islands and Kamchatka Peninsula (Fig. 2) . The GAMSEIS and POLENET/ANET networks consist of temporary and semi-permanent seismic stations deployed in East and West Antarctica beginning in 2008 for understanding the structure and solid-earth ice sheet interactions of the continent (Heeszel et al., 2013; Accardo et al., 2014; Anthony et al., 2015) . These new seismic stations provide much improved coverage of the CMB along paths not previously sampled due to sparse global station distribution in the far-southern latitudes. Here we use 59 Antarctic seismic stations (26 in GAMSEIS and 33 in POLENET/ ANET) deployed during 2009-2011, and earthquakes with magnitude greater than 5.5 (Table 1) at a distance range of 134-143°. All seismograms are band-pass filtered between 0.5 and 2.0 Hz, and only those with low noise levels and clear precursor signals are selected. PKP precursor travel times and envelope amplitudes are then analyzed to locate the scatterers and to calculate the velocity variations within them. Fig. 3 shows representative PKP precursor waveforms from earthquakes in three different regions (western, middle and eastern region). The relative amplitudes of PKP precursors in the middle region (central panel) are obviously much larger than those in the other two regions, and are larger than the PKIKP phases at some distances. Investigating the larger sample of earthquakes in each region, we find that the amplitudes have no relation with the earthquake depth (Table 1) . By comparing the entry and exit points of PKIKP rays at the CMB (Fig. 2 ) from these earthquakes, it is found that the exit points of the earthquakes from different regions are intermixed, while the entry points are well separated into different locations.
Results from PKP arrival times
To determine the exact locations of the seismic scatterers, we adopt Wen's method (Wen, 2000) that utilizes the arrival times of PKP precursors. First, we divide the region of the possible scatterer locations (20-50°N, 140-200°E , and from the CMB to 600 km above the CMB) into six depth ranges with separation of 100 km. In each depth range, the region is further divided into a 1.0°by 1.0°uniform grid of nodes. Then we calculate the scatterer probability and hit count for each node by comparing the predicted and observed precursor arrival times of all earthquakes. The probability at a given node is the ratio of the number of seismic rays whose PKP precursor onsets sample this node over the total number of seismic rays in this study, and the hit count is the number of PKP precursors sampling this node. Detailed information about the method can be found in Wen (2000) . In general, the grids with high probability and large hit counts are most likely where the PKP precursors originate.
We calculate the hit counts and probability near the CMB region for both source side and receiver side. We find that, at the same depth, both the hit counts and probability for receiver side are smaller than those of the source side. Considering together the fact that the piercing points of PKIKP at the CMB are well separated in source side while are intermixed with each other in receiver side (Fig. 2) , and the precursor waveform differences in different locations, we suggest that the precursors are most likely from the CMB region of the source side, the region to the north of the Pacific Anomaly. Fig. 4 shows results of the scatterer probability and hit counts calculations for the three earthquake clusters at four depths in source side: the CMB, and 200 km, 300 km, 400 km above the CMB. The scattering regions are approximately distributed in 30-45°N in latitude, and 140-160°E, 160-180°E, 180-200°E in longitude, respectively (Fig. 4) . Because the scatterer probability and hit counts in our study become insignificant at scattering depth shallower than 400 km above the CMB, we suggest that the scatterers are most likely confined within the lowermost 400 km of the mantle.
Results from PKP precursor amplitude
PKP precursor amplitude is determined not only by the scatterer location, but also their geometry, lateral distribution and velocity perturbation. Although PKP precursor arrival time can locate where the scatterers are, they cannot give any information about the velocity contrast between the scatterers and the ambient mantle. To solve this problem, we look further into the precursor amplitude.
We assume that the PKP precursors are due to PKP propagation through a random inhomogeneous elastic media. Based on Chernov's acoustic scattering theory (Chernov, 1960) adapted to elastic media (Haddon and Cleary, 1974; Doornbos, 1976) , and assume the mantle behaves as a Poisson solid with single scattering and an exponential geostatistical autocorrelation function (Wu and Aki, 1985) , the average scattered power can be written as (Hedlin et al., 1997; Hedlin and Shearer, 2000) :
where V is the scattering volume, v the rms velocity perturbation, A is the incident wave amplitude, k is the wavenumber, r is the distance between the scatterer and receiver, and h is the scattering angle. We develop our own code to calculate the precursor energy based on Eq. (1). In our calculation, AK135 model (Kennett et al., 1995) is used, and both PKP AB and BC phase are considered for the precursor energy. We also include all the refraction coefficients and attenuation factors.
In this study, the scatterer volume can be calculated based on the results of Section 2.1. Previous studies have been empirically suggested that 6-10 km is the general scale length for scatterers within the Earth's lower mantle (e.g., Hedlin and Shearer, 2000; Helffrich and Wood, 2001; Mancinelli and Shearer, 2013) . In order to compare with previous results, and because our observed pre- The stars indicate earthquake locations. The circles with different colors and inverted triangles show PKIKP entry and exit points on the CMB generated by the three groups of earthquakes. Note that the earthquakes are divided into three groups (western, middle, and eastern region from left to right), and the entry points of the three groups of earthquakes at CMB are well separated on the source side while being intermixed on the receiver side. (b) Distributions of seismic stations in Antarctica. The squares and triangles denote GAMSEIS and POLENET/ANET network stations, respectively. cursors can only be seen at period less than 2 s, we choose 8 km as the scale length in our calculation. Using these assumptions, velocity perturbation is the only unknown and can be constrained by trial and error. Similar to the method described in Section 2.1, we first divide the scattering volume into thinner (20 km) depth layers, with each layer further divided into 0.5°Â 0.5°grids. The area of each layer is based on the results from Section 2.1, so the scattering areas are different at different depths. Then for each grid node on each layer, we calculate its energy power based on Eq. (1). The energy kernel of each layer is obtained by summing up the scattering power of all the corresponding grid nodes in that layer.
Because the PKIKP phase in the seismogram may be contaminated by precursors, and it is difficult to obtain P waves with similar azimuths as PKIKP due to earthquake-station geometry, we could not extract the PKIKP source time function from observed seismograms. Instead, we use Direct Solution Methods (DSM; Geller and Takeuchi, 1995; Kawai et al., 2006) to calculate the synthetic seismograms for every station and then stack PKIKP phases to estimate the source time function for each event. In the calculation, all the attenuation and refraction coefficients are considered. The inner core attenuation is set to be 360 (Bhattacharyya et al., 1993) . After convolving the energy kernels with the source time functions (in power), we calculate the square root of the energy power and normalize it to the theoretical amplitude of PKIKP. Fig. 5 shows three representative seismograms from events located in the three different regions (west, middle and east). In this figure, the seismograms are binned over 1°distance and synthetic curves are superimposed on them. Note that the synthetic amplitudes increase gradually with distance and travel time. For the western and eastern regions (longitude 140-160°E, 180-200°E) , the best fit is a model with $0.5% bulk perturbation in Pwave velocity (Fig. 5a and c) , and in the middle region (longitude 160-180°E), the best model is a scattering volume with 1.0-1.2% P-wave velocity perturbation (Fig. 5b) . The amplitude variations of the scatterers in the three sub-regions suggest these regions must have different characteristics.
Results from S-ScS travel times
S-wave velocities can also be investigated to study the lower mantle characteristics near the scatterer locations. We searched the global data systematically for both broadband and long period tangential S waveforms. The earthquakes we selected are from 1990 to 2014. To obtain high-quality data, we only chose earthquakes with magnitude greater than 5.5 and depths greater than 100 km. The distance range of the S data is between 50°and 85° (  Fig. 6) .
After removing instrument response and transferring them to ground motion, we band-pass filtered the broad and long period data with frequency bands 0.05-2.0 Hz and 0.01-0.1 Hz, respectively. We carefully check the quality of those waveforms and finally select 423 waveforms.
ScS-S residual travel-times are defined as:
ðScS-SÞ residual ¼ ðScS-SÞ observed À ðScS-SÞ predicted ð2Þ
Although differential travel times can reduce the error from uncertainties of earthquake location, origin time, and crust and upper mantle heterogeneities, it can be biased by heterogeneities from lower mantle (Wysession et al., 1994 (Wysession et al., , 2001 ). We correct both S and ScS travel time anomalies above 400 km from the CMB using the 3-D tomographic model GypSuM (Simmons et al., 2010) , thus reducing the heterogeneity effect from the mantle above our study region. (c) Fig. 4 . Maps of scatterer probability and hit count for events in the western (a), middle (b), and eastern (c) region, respectively. Four depths of seismic scattering are presented: 0 km, 200 km, 300 km, and 400 km above the CMB. At each depth, the left figure is the scatterer probability map and the right is the hit count map. The red stars denote event locations. The regions with high scatterer probability and large hit count are considered to be the most likely locations from where the PKP precursor are generated. Fig. 7 shows the relationship between S, ScS and ScS-S residuals. Obviously ScS residuals show strong correlation with ScS-S while S residuals show weak correlation. This relationship demonstrates that those differential ScS-S residuals are mainly from ScS path in the lowermost mantle, and negative residuals indicate the anomaly is from high-velocity heterogeneities.
We estimate S velocity variations based on the following equation
where v is the averaged velocity, dt is the corrected travel-time residuals, and t is the total travel time of ScS through the bottom 400 km of the mantle. Fig. 8 shows the distribution of averaged shear-velocity variations on ScS reflection points at the CMB. Although not all the scattering regions are well sampled, the three regions can still be distinguished and are sketched in the figure. The S-wave velocity variations are approximately 1.0-1.5% on the western and eastern regions, while the middle region shows a different S velocity variation of 2.0-3.0%.
A possible concern is that the travel times may be influenced by the adjacent Pacific Anomaly. Since most of the S waves travel well above the Pacific Anomaly, this is only a concern for the ScS phases. Thus we carefully checked the ScS piercing points at 400 km above the CMB, and found that all of them bypass the Pacific Anomaly's north boundary (Fig. 6) . Therefore, the ScS travel time data are not affected by the Pacific Anomaly, and they show correct trend of the heterogeneities in the same region as the PKP precursors.
Discussion

Comparison with previous studies
There have been various studies on PKP precursors. In terms of global PKP precursor data, single scattering theory have proposed a model of 0.5% ± 0.1% rms velocity perturbations in a 200 km layer above the CMB (Bataille and Flatté, 1988) , or 1.0% rms velocity perturbation in the whole mantle (Hedlin et al., 1997) . On the other hand, multiple scattering theory has given different results. For example, Margerin and Nolet (2003b) suggested a model with 0.1% P velocity perturbations in the whole mantle, similar to the 0.2% whole mantle perturbation model proposed by Mancinelli and Shearer (2013) . Margerin and Nolet (2003a) claimed that the single scattering theory could probably wrongly estimate the strength of the scatterer, and the limit of the rms velocity perturbation from single scatter would be 0.5%. Later, Mancinelli and Shearer (2013) found that the single and multiple scattering methods give similar results, and in all the scattered waves, single scattered waves dominate in number (90%).
Above studies are from averaged PKP precursors in global scale, so the PKP precursor amplitudes are weak. However, anomalous PKP precursors do exist in various regions, not only in amplitude, but also in shape (e.g., Vidale and Hedlin, 1998; Wen and Helmberger, 1998; Hedlin and Shearer, 2000; Vanacore et al., 2010; Waszek et al., 2015) . These anomalies may reflect regional heterogeneities, such as in our study.
To further compare single and multiple scattering methods, we used the phonon code (Shearer and Earle, 2004; Mancinelli and Shearer, 2013) , which considers all the scattered waves, to model . Observed (black) and synthetic PKP precursor envelopes (blue) for three representative events in three regions (see Fig. 3 ). The seismograms are aligned with the handpicked PKIKP phase (t = 0). The envelopes of PKIKP (black smoothed curve) for each event are stacked from individual seismograms, which are calculated using DSM (Kawai et al., 2006) . (a and c) Synthetic curves are calculated for 0.5% rms velocity perturbation within 400 km above the CMB in the scattering regions shown in Fig. 4a and c. (b) Synthetic curves are the same as in (a and c) except for $1.2% velocity perturbation in the region in Fig. 4b . The scale length of the scatterers is 8 km in our model. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
the precursor amplitudes of our data. We confine the scattering region in the 400 km above the CMB and set the scale length to 8 km, same as that in our single scattering modeling. The result suggests that P wave velocity perturbations of 0.2% and 0.5% on the two sides and the center region respectively fit the data well.
Considering that we only confine depth in the multiple scattering modeling, the difference is understandable. We deduce that a more realistic regional scatterer should reduce the difference between these two methods. In general, the single and multiple scattering theory should produce similar results: on one hand, the single scat- . 7 . Correlations between observed ScS-S residuals with S (a) and ScS (b) residuals after correcting travel time anomalies 400 km above the CMB using model GyPSuM10 (Simmons et al., 2010) . Dashed lines are one to one correlation. tered waves dominate the scattered waves in number; on the other hand, the intrinsic attenuation may suppress the multiple scattered waves more.
Finally, strong scattering in the lithosphere would also affect the precursor amplitude relative to the peak PKIKP (Mancinelli and Shearer, 2013) , and neglecting this effect may overestimate the rms velocity perturbation of the scatterer. However, the lateral variations of the scattering strength would remain the same in our study. Because this effect is beyond the content of this paper, we did not investigate deeply on this topic.
Origin of the scatterers
Examination of mantle tomographic models (e.g., Grand, 2002; Zhao, 2004; Li et al., 2008; Simmons et al., 2010) shows that the heterogeneous regions identified in this study are part of the high-velocity anomalies near the CMB, as the ScS data have suggested. Although it has been long noticed that there is a ''ring" of fast anomalies surrounding the slow anomalies in the center of Pacific (e.g., Wysession, 1996; Maruyama et al., 2007) , the detailed structure and origin of these features still remain ambiguous.
Using P diffracted waves, Wysession (1996) inverted global large-scale heterogeneities near the CMB region, and found that northern Pacific rim region was coincident with the Panthalasa paleo-subduction. Based on geological and seismic tomographic data, Van der Meer et al. (2012) reconstructed intra-oceanic arc subduction and suggested that a series of paleo-subduction zones subducted in the mid-Panthalasa ocean. Their reconstruction results show that the locations of the subduction zones $200 Myr ago overlap partly with the scatterer locations we find in the lowermost mantle. On the other hand, Maruyama et al. (2007) reconstructed the paleo-subduction location back to 180 Myr based on the hot spot frame and current plate movements. By comparing their results to the current tomographic structures in the mantle, they speculated that the high-velocity anomaly surrounding the Pacific Anomaly near the CMB was the graveyard of Rodinia subduction (0.75-1.0 Ga), since the highvelocity region does not correspond with the locations of Mesozoic subduction zones in their study.
Our results show that the fast regions to the north of the Pacific Anomaly have lateral variations, with central region having larger high velocity and two side regions having relatively smaller high velocities. Based on the previously described studies, we also suggest that the high velocity anomalies represent subducted paleoslabs. A related question is how to interpret the different levels of velocity heterogeneity in the three sub-regions. One explanation is that the three sub-regions are from different paleo-slabs (OkuNiikappu, Kolyma-Omolon, and Anadyr-Koryak plate, from left to right), and these slabs may have different thermal and subduction histories, as Van der Meer et al. (2012) have suggested.
Alternatively, these sub-regions could also be from a single paleo-slab, where different parts of the slab were separated during the segregation/mixing process of the slab in the CMB (Christensen and Hofmann, 1994) . For example, Lee and Chen (2007) proposed that when the slab subducts into the mantle, the oceanic crust could separate from the underlying lithospheric mantle due to a weak serpentinized zone inside the slab. Because the oceanic crust transformed to high-pressure phases has negative buoyancy in the mantle, it can sink into the lower mantle (Stixrude and LithgowBertelloni, 2012) . Moreover, the rheological differences between the recycled crust and surrounding mantle may defer the homogenization and lead to incomplete mixing (Metcalfe et al., 1995; Helffrich and Wood, 2001; Van Keken et al., 2002) , making it possible for the subducted slab to remain in the CMB region for a long time. Furthermore, during the homogenization, the segregation of different minerals within the crust could also result in compositional heterogeneities (Sun et al., 2011) because of low viscosity effects (here the Pacific Anomaly may serve this purpose). Thus, different compositions from a segregation process can explain our observed lateral variations within the fast anomalies.
The relative amplitude differences between PKP precursors and PKIKP are also affected by inner core attenuation (Wen and Niu, 2002; Waszek et al., 2015) or topography at the CMB (Doornbos, 1978; Bataille and Flatté, 1988) . To test the inner core effect, we checked PKIKP turning points of the earthquakes in the three sub-regions, and found that they were highly random and intermixed with each other. Thus the regional inner core attenuation variations could not be the cause. We also chose different Q value from 250 to 600 (Cormier and Xu, 1998; Yu and Wen, 2006) in PKIKP synthetics, and found that the change of the relative amplitude is $20%, which will not affect our result greatly. For topography effect, the largest PKP precursor amplitude in our study, similar to that of Wen (2000) , would require topography of several kilometers at the CMB. According to Wen (2000) , that is incompatible with CMB dynamics. Overall, we contend that the lower mantle heterogeneity model described here provides a good explanation for the PKP precursor observations and is consistent with ScS travel times and mantle tomographic models. Although we have both P and S velocity variations in the study region, we did not compare them directly. The reason is that our Pwave velocity perturbations are statistical variations within a range, but S-wave velocity variations are absolute average variations in the region. Thus it is not proper to compare them directly. Investigation of the ratio of P and S anomalies would require similar observations and processing methods for both P and S waves.
Conclusions
We observe clear PKP precursors at Antarctica seismic stations from earthquakes in the Aleutian Islands and the Kamchacha Pennisula. By analyzing the onsets and amplitudes of these precursors, we find that there exist seismic heterogeneities in the lowermost mantle to the north of Pacific Anomaly, between latitude 30-45°N. These heterogeneities exhibit lateral variations: the middle region (longitude 160-180°E) has small-scale P-wave velocity perturbations of 1.0-1.2%, while on the two sides (140-160°E and 180-200°E), the P-wave velocity perturbations are~0.5%. Our ScS-S travel time residuals sampling similar regions also show similar results: the middle and the two sides have S velocity variations of about 2.0-3.0% and 1.0-1.5%, respectively.
The heterogeneities may be the remnants of ancient subducted slabs. We propose that the lateral variations are caused by either different slabs, or by different compositional fragments arising from material segregation during subduction.
Although there may be discrepancies between single and multiple scattering calculation in determining the rms perturbation of scatterer, our results suggest that they are generally on the same order. Other effects such as near surface scattering may need further investigation in the future.
